Vertical velocity variations associated with the quasi-biennial oscillation (QBO) in the equatorial lower stratosphere are investigated with the Halogen Occultation Experiment (HALOE) data from 1993 to 1998. The vertical velocity is inferred from ascent rates of an annual cycle in total water ([H20 ] + 2[CH4] ) profiles around the 20-60 hPa layer over the equator. The zonally averaged ascent rates of total water anomalies exhibit QBO-related variations with anomalies of 0.10-0.15 mm s-• between 20 and 40 hPa at the equator, whereas there scarcely exists an annual cycle in the ascent rates. The QBO variation of the ascent rates shows that its positive anomalies precede negative anomalies of temperature and ozone variations by about 2-3 months at the equator and 30-60 hPa. This phase relationship is in conflict with former results from several twodimensional model studies, which have reported that vertical velocity variations are almost out of phase with temperature anomalies preceding ozone anomalies by a few months. It is supposed that these differences could be caused by the observed large tendency of temperature anomalies, which is related to the observed rapid acceleration of the QBO westerly. An estimate of vertical advection of zonal momentum expected from the ascent rates suggests that the asymmetric acceleration of the zonal wind QBO can be explained by the QBO-induced vertical velocity being asymmetric between the easterly and the westerly shear zones.
Introduction
The meridional circulation induced by the quasi-biennial oscillation (OBO) was first indicated by Reed [1964] right after the discovery of the OBO signals in zonal wind, temperature [Reed et al., 1961; Vetyard and Ebdon, 1961 ] , and ozone [Funk and Garnham, 1962; Ramanathan, 1963 ]. Reed inferred the vertical velocity variation with an amplitude of about 1 x 10 -4 m s-• over the equator and the phase reversal around 15 ø latitude. The idea of a two-cell structure being symmetric about the equator is supported by two-dimensional models [Plumb and Bell, 1982; Dunkerton, 1985] . Recent studies have emphasized that during the solstitial seasons the winter cell is strengthened, whereas the summer cell almost disappears [Jones et al., 1998; Kinnersley, 1999; Randel et al., 1999] , in accordance with the observed ozone anomalies that are amplified at midlatitudes during winter-spring in each hemisphere [e.g.,/lngell and Korshover, 1978; Hasebe, 1983; Randel and 1996] .
The vertical velocity oscillation has mainly three important roles in the whole QBO system. (1) The QBO-induced vertical velocity maintains the thermal wind balance in the face of radiative damping, so ascent anomalies are seen in the area of cold temperature anomalies, and vice versa [Plumb and Bell, 1982] . (2) The OBO-driven circulation transports ozone and other trace gases to produce their QBO signals mainly through the vertical transport [Reed, 1964; Hasebe, 1984] . Observational studies have reported the OBO variation in ozone JOltmarts and London, 1982; Randel and Wu, 1996] [Plumb and Bell, 1982; Dunkerton, 1991] . This could lead to the observed asymmetry in descent rates of the QBO shear regions [Naujokat, 1986] .
In addition to these known roles of the QBO-induced meridional circulation, the variation can be the key to resolve the following two subjects recently under debate. One is the observed phase relationship between QBO signals in temperature and ozone in the tropics. Observational studies showed that the two variations are in phase in the lower stratosphere [Randel and Cobb, 1994] . Hasebe [1994] proposed that this in-phase relationship between the two oscillations is determined by the ozone-induced solar heating, which shifts the phase of the ozone QBO up to a quarter cycle earlier. The importance of the diabatic effects of the ozone QBO on the temperature QBO is emphasized by Liet al. [1995] . However, Huang [1996] pointed out that the ozone-induced solar heating variations are negligible in her two-dimensional model, including a radiative calculation. On the other hand, Jones et al. [1999] suggested that the QBO-induced horizontal velocity can generate rather large meridional advection of ozone to produce the observed phase relationship between ozone and temperature. In spite of these efforts, the phase relationship between the QBO signals of vertical velocity, temperature, and ozone is still ambiguous in each study [e.g., Ling and London, 1986; Jones et al., 1999; Randel et al., 1999] .
The other problem is the momentum source required to produce the observed zonal wind QBO, which shows more NIWANO AND SHIOTANI: QBO IN VERTICAL VELOCITY rapid acceleration of westerlies than easterlies [Dunkerton and Delisi, 1985; Naujokat, 1986] . The zonal wind oscillation has been explained by momentum deposit of vertically propagating waves from the tropical troposphere, as proposed by Lindzen and Holton [1968] and Holton and Lindzen [1972] . In addition, the QBO acceleration can also be affected by the QBO-driven and the time mean vertical velocity [Plumb and Bell, 1982; Gray and Pyle, 1989; Dunkerton, 1991; Dunkerton, 1997 ]. The observed phase asymmetry of zonal wind acceleration can be generated by the asymmetry of wave momentum flux [Holton and Lindzen, 1972; Takahashi et al., 1997] , as well as by that of vertical advection [Plumb and Bell, 1982; Kinnersley and Pawson, 1996] . The former effect is inferred from observational studies of equatorial Kelvin and gravity waves with periods longer than 1 day in rawinsonde data [Maruyama, 1994; Sato et al., 1994; Sato and Dunkerton, 1997 ] and satellite data [Wu and Waters, 1996; Canziani and Holton, 1998 ]. However, the behavior of the equatorial waves with periods shorter than 1 day and Rossby waves from middle latitudes should be examined quantitatively.
To solve the two problems mentioned above, observations of the QBO-induced vertical velocity are indispensable. However, direct measurements of the mean meridional circulation in the stratosphere are not yet available, since the magnitude of the circulation is very small. The meridional circulation has been estimated mainly with the two ways; one is based on the diabatic heating rates [Murgatroyd and Singleton, 1961; Dunkerton, 1978; Rosenlof, 1995] and the other is from the momentum and heat flux divergence [Haynes et al., 1991; Holton, 1990; Rosenlof and Holton, 1993] . Recently, ascent signals of water vapor anomalies have been observed from the Upper Atmosphere Research Satellite (UARS) [Mote et al., 1995 [Mote et al., , 1996 Jackson et al., 1998; Randel et al., 1998 ]. Mote et al. [1998] (hereinafter referred to as M98) investigated mean ascent rates of annually varying signals of total water (water vapor plus twice methane) in the tropical lower stratosphere by using trace gas data from the Halogen Occultation Experiment (HALOE) aboard UARS and derived the Lagrangian mean vertical velocity from the ascent rates. The purpose of this paper is to clarify observational features of the QBO-related variations in the ascent rate of total water anomalies in the tropical lower stratosphere by using the HALOE trace gas data. It is noted that our analysis of the ascent rate is extended to its time variations, while the analysis by Mote et al. [1998] was limited to time mean field averaged within 15 ø of the equator. Furthermore, we also calculate four kinds of ascent rates and discuss differences between the four. We emphasize that Randel et al. [1998] examined the QBO signals seen in water vapor profiles but that we investigate the QBO variations in the ascent rates.
The data used for our analysis and the calculation of ascent rates of water vapor anomalies are presented in section 2. The QBO components of the derived ascent rate are shown in section 3. The QBO-induced variations are described especially in terms of the amplitude and phase at the equator, with the help of Singapore temperature and zonal winds, and HALOE ozone data. Furthermore, we examine the vertical advection effect of zonal momentum, using the derived ascent rates of total water anomalies. Finally, a summary is given in section 4.
Data

HALOE Trace Gas Data
In this study we will use water vapor, methane, and ozone profiles from the HALOE version 18 data for the period of January 1993 to April 1998. The HALOE instrument is described by Russell 
Singapore Rawinsonde Data
To study a relation to the QBO-induced variations in vertical velocity, we use temperature and zonal wind data at Singapore (1.4 ø N, 104.0 ø E) from January 1991 to December 1997. Singapore data are generally used as a reference of a zonal mean value, since in the equatorial regions there exist rawinsonde observations for a long time period only at Singapore. The use of Singapore temperature data in place of zonal mean values at the equator is supported by near agreement between the temperature QBO at Singapore and the zonal mean temperature QBO in the U.K. Meteorological Office (UKMO) data with respect to the phase [Randel et al., 1999] . Observations of the ozone QBO also show zonally uniform phase changes [Shiotani, 1992; Shiotani and Hasebe, 1994].
The twice daily data at standard and significant levels are interpolated to the same pressure levels as HALOF. data with use of the Hermite polynomials. Then, the daily data are produced by averaging two profiles a day. The calculation of QBO components in temperature and zonal wind follows the same way as in the HALOE ozone but for a climatological annual cycle based on the daily data.
Comparisons Among Four Kinds of Wtr
In this section we will show the four kinds of derived wtr in terms of the temporal variation and time mean component and investigate differences between the four. 
In the same way as in M98 we can examine the relationship between w and ascent rates of Xt -0, Xz = 0, and Xtz -0 (not shown). For time mean and QBO components these relationships are shown in the following subsections.
Time Mean Components
The time mean of four kinds of wt,is given in We try to understand these differences using the onedimensional formulation for the time mean field as below:
Wtrx:O-'-W -]-•-K---gz, 
QBO Variations
We briefly discuss the difference between w and the four kinds of Wtr with respect to the QBO components. Neglecting the annual component (Figure 3) , 
Results
Observational Results
Here we clarify the observed feature of the QBO variation of wt,. based on wtrlx•=0 and wtrlxtz_O at the equator. Figure 6a . There exists a large magnitude of the amplitude in the 20-40 hPa, roughly corresponding to the large magnitude of the temperature variation in this layer. Figure 6b shows the phase of the QBO signals in Wtr, temperature, ozone, zonal wind, and its vertical shear. The phases of five quantities are derived from a calculation of lag correlations among temperature and other quantities and then shifted by setting the phase of the zonal wind QBO to zero. It is notable that temperature and ozone are just in phase below 20 hPa, and there is a lag of 2-3 months between --Wtr and temperature and ozone in the 30-60 hPa layer. The phase lag between Wtr and temperature can also be seen in Figure 5 .
Observational studies reported the in-phase relationship between temperature and ozone, using column ozone data [Randel and Cobb, 1994] . This result also coincides with that in the work of Hasebe [1994] , who reproduced the ozone variation with use of Singapore zonal wind data. However, the observed phase relationship among vertical velocity, temperature, and ozone is in conflict with results from the conventional models considering only dynamics [Reed, 1964] 
following the notation of Hasebe [1994] , where 0 = RT/H is a buoyancy acceleration with the gas constant R for dry air, temperature T, and the scale height H, w is the Lagrangian mean vertical velocity, N is the buoyancy frequency, h is the NewtonJan cooling coefficient, S represents the diabatic heating rate from solar absorption by ozone anomalies, X denotes volume mixing ratio of ozone, the suffix B denotes the QBO component, and the subscripts t indicate a partial derivative with respect to time. Figure 7 shows the calculated vertical velocity inferred from (14) and also the observed zonal mean ascent rates for reference. The inferred vertical velocity is divided into three parts: a component from the tendency term (-OB•/N2), that from the Newtonian cooling term (-hOB/N2), and that of ozone solar heating (SxB/N2). The inferred vertical velocity variation is determined by the dominant contribution from the Newtonian cooling term during the warm and cold periods (Figure 5) . However, the variation is weakened by the contribution from the ozone QBO-induced solar heating [Hasebe, 1994; Liet al., 1995] , which is out of phase with the contribution from the Newtonian cooling. It should be emphasized that the component due to the ozone heating cannot affect the phase of vertical velocity, because the two terms on the righthand side of (14) are out of phase ( Figure 6 ).
On the other hand, a contribution from the temperature tendency precedes that from the Newtonian cooling by a quarter cycle. The negative anomalies are as large as about a third of the contribution from the Newtonian cooling term during the northern winter in 1994/1995 and 1996/1997. This large anomaly of the temperature tendency puts forward the phase of vertical velocity w u relative to the component from the Newtonian cooling term by a few months. As a result, vertical velocity anomalies are precedent to negative anomalies of temperature and ozone by about 2 months. The inferred vertical velocity is nearly consistent with observations (Wtr) in terms of phase. Hence the temperature tendency can be important in determining the phases of vertical velocity and temperature. Some studies with models show the out-of-phase relationship between the two with little lag [Huang, 1996; Jones et al., 1999] . Our results suggest that the models may underestimate the temperature tendency relative to the observations. To examine the phase relationship between QBO signals by using models, therefore, it may be necessary that models should represent the large temperature tendency associated with the rapid acceleration of the QBO wind. In the following, we removed the annual component of wtr to focus on the mean and QBO signals of Wtr. The time mean of wt• is slightly larger than that of w by less than 0.05 mm/s, but the two are almost the same at 40 hPa (M98, Figure 9 ). However, the temperature QBO in Singapore may be exaggerated compared to zonal mean values, and then the following results may overestimate the magnitude of variations. To discuss a series of possibilities, we need to examine momentum flux divergence of waves with periods shorter than a few days and meridional advection of zonal momentum in the equatorial region. At the same time, it is necessary to develop two-and three-dimensional models in which the two effects are appropriately represented.
Conclusions
The QBO-induced variations in vertical velocity in the lower stratosphere have been investigated with Halogen Occultation Experiment (HALOE) data from 1993 to 1998. The vertical velocity was inferred from ascent rates of an annually varying component in total water ([H20] + 2[CH4]) at the equator.
The derived ascent rate of total water anomalies exhibits QBO variations with anomalies of 0.10-0.15 mm s -• in the 20-40 hPa layer and about 0.1 mm s -• near 50 hPa at the equator. In the 20-40 hPa layer the amplitude of the QBO variation may be larger than that derived from radiative calculation [Rosenlof, 1995; Randel et al., 1999] . The QBO signal in the ascent rates showed that its negative anomalies precede positive anomalies in temperature and ozone by about 2-3 months over the equator between 30 and 60 hPa. This phase relationship is in conflict with results from two-dimensional model studies [e.g., Jones et al., 1999] . The phase lag between the QBO signals in ascent rate and temperature may be explained by the observed large tendency of temperature anomalies, which is related to the rapid acceleration of the QBO westerly. It is supposed that this disagreement may be due to the observed tendency of temperature anomalies, which seems larger than that from model studies. In addition, there exists only a little annual cycle of the ascent rates around this level.
Next, the effect of momentum transport by vertical velocity in the equatorial lower stratosphere has been examined. The zonal wind acceleration by the total vertical advection calculated from the ascent rate of total water anomalies exhibits phase asymmetry between the easterly and the westerly acceleration at the equator, while the forces required to drive the observed QBO wind, which are indirectly estimated, show symmetric variations below 35 hPa. These results suggest that the well-known asymmetry of descent rates of the QBO shear regions [Naujokat, 1986] can be understood by the QBOinduced vertical advection and also imply a need of large easterly momentum flux as much as its westerly equivalent.
